L BACKGROUNDONTHE mRAGERING
Themagnetthatisdescribedinthereportisdesignedfor use in a compact electron storage ring that is to produce intense x rays with energies up to 35 keV [1, 2] . Storage ring energies up to 15 GeV are proposed. In order to produce synchrotron radiation x ray beams with a critical energy greater than 10 keV, the central induction of the dipoles used to produce the synchrotron radiarion must be greater than 6.8 tesla 131. The machine is designed primarily as a light source . for industrial, biological and medical applications. As a result, the ring must be compact and the ring must be relatively inexpensive to build.
The ring has a hybrid magnet structure, consisting of superconducting dipoles and mom temperature quadrupoles and sextupdes. The shape of the ring is racetrack. The two a m are identical and each arc is symmetric about its centex. The two straight sections joining the arcs have the same length but each has different structure.
Each of the two arcs has three bending stations where the electron beam is bent 60 degrees. Each bending station contains two straight cold iron dipoles that bend the beam and produce the synchrotron radiation x rays. The x rays that are delivered to the user come from the downstream cold iron dipole. The bending induction required for a 1.5 GeV ring that produces x rays with a critical energy of 10.4 keV is 6.894 T. In addition to providing the bending needed in the ring, the straight dipoles also provide defocusing (through edge focusing) to the lattice. Two bending stations and the arc focusing between the stations are shown in Fig. 1 
I L T H E D I P O L E D E S I G N R E Q V
The key to making a compact electron storage ring is the fabrication of short high field dipoles that have the end field characteristics of mom tempemure, low field copper and iron dipoles. Within the magnet, the field quality has to be verygood. Beamdynamicsstudiessuggestthattheinte~M field has to be good to one part in loo00 over a region that is &20 mm wide around the electron beam. Picture frame magnets can have a very good field over the entire width of the magnet pole. Fig. 2 shows the gap region for the dipoles shown in Fig. 1 . The magnet horizontal aperture @ole width) is governed by beam sagitta, the x ray fan allowance, the 15 sigma beam width, the width of thexray absorber and the insulation thickness between the warm bore tube and the 4.4 K region. The magnet vextical aperture (the cold gap) is governed by the 15 sigma beam height and the insulation thickness between the warm bore tube and the pole.
The x ray absorber in the downstream dipole vacuum chamber absorbs the synchrotron radiation m r g y generated in the upstream dipole (See Fig. 1 The current in the gap coil is approximately linear with the magnetic induction within the gap.
2) The crossover coils in effect carry the current from one side of the gap to the other si& of the gap. This coil is in seaies with the gap coil; it acts as the end crossover coils act in a conventional H magnet with unwtllrated iron poles. Away from the gap, the gap and crossover coil currents cancel each other.
3) The function of the shield coil is to keep flux from leaking out of the pole as it becomes saturated. When the current in the shield coil is correctly selected, the flux lines from gap stay perpendicular to the pole face even within the pole iron. The shield coil current will be nearly zero when the induction in the gap is less than 2 T. As the gap induction increases above 2 T, the current in the shield coil increases -linearly with 'the gap induction minus the saturation induction of the iron (-2T).
The dipole shown in Fig. 3 will generate a d o r m field over a range of induction from 0.4 to 7.8 T, provided that the current density in the shield coil is comtly chosen with respect to the current density in the gap and crossover coils. The shield coil current can be set so that sextuple, decapole and 14 pole field components are nearly zero. The excitation function for the shield coil can be modified by changing the height and slope angle of the shield coil [a.
The induction in the pole iron and the gap will be the same while the rest of the iron will be unsabmted.. The iron crosssection in Fig. 3 can be optimized (for example, cutting off the comers) to reduce the dipole cold mass. The flux plot in Fig. 6 illustrates how the shield coil contains the magnetic flux in the iron pole pieces when the central induction is 7.0 tesla. Fig. 6 show that the flux density in the pole is the came as the flux density within the gap. The current density in the shield coil is 166. 6 MA per square meter while the current density in the gap and crossover coils is 270.0 MA per square meter. (See Fig. 7) The high field point in the two dimensional coil cross-section is nearly the same as the central induction of the dipole. The high field point is found outside the iron at the juncture of the gap and cx0ssove-r coils. Table I presents the basic magnet parameten for the 7.2 tesla dipole shown in Figs. 3,4 , and 5. While the design central induction for the magnet is 7.2 tesla, its nominal operating central induction in the 1.5 GeV ring configuration shown in Fig. 1 is closer 6.9 A compact synchrotron with 7 2 tesla superconducting bending magnets appears to be feasible. The key to making the compact synchrotron is having a short high field bending magnet that has end field characteristics that are similar to conventional low field copper iron magnets. This means that the magnetic flux must be constrained in the poles while the magnet is running at high field. The picframe magnet design proposed by Pave1 Vobly of INP Novosibirsk has this desirable characteristic even for short dipoles. The primary disadvantage of the Vobly magnet design is that it requires two separate power supplies in order for the magnet to produce good field quality over a range of inductions. The cost of the dipole is primarily a function of the width of the pole, not the gap. Since most of the iron in the magnet is u n s a m t e d , the iron height and width is a function of the pole width and the saturation induction of the h n . The dipole design presented in this report is not very efficient in its use of superconductor. Unlike many superconducting dipoles, the cost of the superconductor is not a large part of the capital cost of this magnet. However, it would be difficult to justify the use of the Vobly design for the long dipoles that are typically used for high energy physics This work was performed with the support of the Officeof
